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Art Unit: 2121 

DETAILED ACTION 

1. This Office Action is responsive to application filed on November 21, 2003. 

2. Claims 1-19 have been examined. 

Claim Objections 

Claim 6 is objected to because of the following informalities: the phrase "are 
further to enable" is unclear, thus claim 6 appears to be incomplete. Appropriate 
correction is required. 

Claim Rejections - 35 USC § 102 

The following is a quotation of the appropriate paragraphs of 35 U.S.C. 102 that 
form the basis for the rejections under this section made in this Office action: 
A person shall be entitled to a patent unless - 

(e) the invention was described in (1) an application for patent, published under section 122(b), by 
another filed in the United States before the invention by the applicant for patent or (2) a patent 
granted on an application for patent by another filed in the United States before the invention by the 
applicant for patent, except that an international application filed under the treaty defined in section 
351(a) shall have the effects for purposes of this subsection of an application filed in the United States 
only if the international application designated the United States and was published under Article 21(2) 
of such treaty in the English language. 

Claims 1-19 are rejected under 35 U.S.C. 102(e) as being anticipated by Boros 
etal. (USPN: 6,615,024). 

Regarding Claim 1: 

An apparatus, comprising: 

A first electronic device (see Figure 1, element 101 -Base Station) adapted to perform 
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a training phase (see col. 13, lines 4-10) with multiple second electronic devices 
(Figure 1, element 105-Antenna array) to calculate parameters to enable substantially 
simultaneous spatial division multiple access transmissions to multiple ones of the 
multiple second electronic devices; (see col. 1, lines 54-62) 
a data phase by using the parameters to perform the spatial division access 
transmissions; (see col. 2, lines 26-29) 

Regarding Claim 3: 

The apparatus of claim 1 , wherein the first electronic device is further adapted to 
perform the data phase by: 

transmitting substantially simultaneous data polls to the multiple ones of the multiple 
second electronic devices through multiple antennas; (see Figure 10) and 
receiving substantially simultaneous data responses from the multiple ones of the 
multiple second electronic devices through multiple antennas, (see Figure 9) 

Regarding Claim 4: 

The apparatus of claim 1 , wherein the first electronic device is further adapted to 
perform the training phase by: 

transmitting training polls to the multiple second electronic devices; (see Figure 10) 
receiving training responses from the multiple second electronic devices through 
multiple antennas; (see Figure 9) 
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processing the training responses received through the multiple antennas; (see col. 13, 
lines 34-38) and calculating the parameters based on the processed training 
responses, (see col. 13, lines 34-38) 

Regarding Claim 5: 

The apparatus of claim 1 , wherein the parameters comprise beam forming parameters, 
(see col 12, lines 63 to col 13 line 3 and col 13, lines 30-34) 

Regarding Claim 6: 

The apparatus of claim 1 , wherein the parameters are further to enable substantially 
simultaneous spatial division multiple access receptions from the multiple ones of the 
multiple second electronic devices, (see col. 1, lines 54-62) 

Regarding Claim 7: 

The apparatus of claim 1 , wherein the first electronic device further comprises at least 
four antennas to communicate with the multiple second electronic devices during the 
training phase and the data phase, (see col. 13, lines 50-52) 

Regarding Claim 8: 

The apparatus of claim 7, wherein the first electronic device further comprises a 
computing platform coupled to the at least four antennas, (see Figure 1, element 117- 
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Transmit Weight Generator and col. 13, lines 37-38) 
Regarding Claim 9: 

The apparatus of claim 8, wherein the first electronic device further comprises at least 
four modulator/demodulators with at least one modulator/demodulator coupled between 
each of the at least four antennas and the computing platform, (see col. 3, lines 37-45. 
"and analog-to-digital converter ("ADC") if processing is digital." The analog-to- 
digital converter disclosed by Boros et al. is the modulator/demodulator claimed 
by the applicant.) 

Regarding Claim 10: 

The apparatus of claim 9, wherein the first electronic device further comprises multiple 
analog-to-digital converters and multiple digital-to-analog converters with at least one 
analog-to-digital converter and at least one digital-to-analog converter coupled between 
each modulator/demodulator and the computing platform, (see col. 3, lines 37-45) 

Regarding Claim 11: 

A method, comprising: 

transmitting a training poll to a first mobile device; (see Figure 10) 
receiving a training response from the first mobile device; (see Figure 9) 
transmitting a training poll to a second mobile device; (see Figure 10) 
receiving a training response from the second mobile device; (see Figure 9) 
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calculating parameters based on the received training response from the first mobile 
device and the received training response from the second mobile device; (see col. 13, 
lines 34-38) and using-the parameters to enable spatial division multiple access 
transmissions to the first and second mobile devices, (see col. 2, lines 26-29) 

Regarding Claim 12: 

The method of claim 1 1 , wherein said using comprises: 

transmitting a first data poll to the first mobile device and a second data poll to the 
second mobile device substantially simultaneously using spatial division multiple access 
techniques; (see Figure 10) and 

receiving a response to the first data poll from the first mobile device and a response to 
the second data poll from the second mobile device substantially simultaneously, (see 
Figure 9) 

Regarding Claim 14: 

The method of claim 13, wherein said calculating the parameters comprises calculating 
beam forming parameters, (see col. 12, lines 63 to col. 13, line 3 and col. 13, lines 
30-34) 

Regarding Claim 15: 

The method of claim 13, wherein the parameters are further used to enable spatial 
division multiple access receptions from the first and second mobile devices, (see col. 
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1, lines 54-62) 
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Regarding Claim 16: 

A machine-readable medium that provides instructions, which when executed by a 

processing platform, cause said processing platform to perform operations comprising: 

transmitting a training poll to a first device; (see Figure 10) 

receiving a training response from the first device; (see Figure 9) 

transmitting a training poll to a second device; (see Figure 10) 

receiving a training response from the second device; (see Figure 9) 

calculating parameters based on the received training response from the first device 

and the received training response from the second device; (see col. 13, lines 34-38) 

* 

and using the parameters to enable substantially simultaneous transmissions to the first 
and second devices using spatial division multiple access techniques, (see col. 2, lines 
26-29) 

Regarding Claim 17: 

The medium of claim 16, wherein said operations further comprise: 
using the parameters to enable transmitting a data poll to the first device and a data poll 
to the second device substantially simultaneously using the spatial division multiple 
access techniques; (see Figure 10 and col. 2, lines 26-29) 

and using the parameters to enable receiving a data response from the first device and 
a data response from the second device substantially simultanebusly using the spatial 
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division multiple access techniques, (see Figure 9 and col. 2, lines 26-29) 
Regarding Claim 19: 

The medium of claim 16, further comprising using the parameters to enable 
substantially simultaneous receptions from the first and second devices using the 
spatial division multiple access techniques, (see col. 1, lines 54-62) 

Claim Rejections - 35 USC § 103 

The following is a quotation of 35 U.S.C. 103(a) which forms the basis for all 
obviousness rejections set forth in this Office action: 

(a) A patent may not be obtained though the invention is not identically disclosed or described as set 
forth in section 102 of this title, if the differences between the subject matter sought to be patented and 
the prior art are such that the subject matter as a whole would have been obvious at the time the 
invention was made to a person having ordinary skill in the art to which said subject matter pertains. 
Patentability shall not be negatived by the manner in which the invention was made. 

Claims 2, 13, and 18 are rejected under 35 U.S.C. 103(a) as being unpatentable 
over Boros et al. in view of Ren Tianmin (IEEE: Efficient Media Access Protocols for 
Wireless LANs with Smart Antennas, 2003) 

Boros fails to disclose an apparatus wherein the first electronic device is further 
adapted to perform an acknowledgement phase by using the parameters to perform 
substantially simultaneous spatial division multiple access transmissions of 
acknowledgements to the multiple ones of the second electronic devices subsequent to 
the data phase. 

Tianmin discloses a wireless network that utilizes smart antennas and the SDMA 
protocol. In addition Tianmin teaches an an apparatus wherein the first electronic device 
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is further adapted to perform an acknowledgement phase by using the parameters to 
perform substantially simultaneous spatial division multiple access transmissions of 
acknowledgements to the multiple ones of the second electronic devices subsequent to 
the data phase, (see pg 1288, B. Contention-based polling with directed 
transmissions, col. 1, lines 9-18 to col. 2, lines 1-21) 

It would be obvious to one of ordinary skill in the arts at the time of invention to 
modify the invention taught by Boros et al. to include the acknowledgement phase 
taught by Tianmin et al. providing better communication between base stations and 
users. 

Conclusion 

Any inquiry concerning this communication or earlier communications from the 
examiner should be directed to Ronald E. Williams whose telephone number is 571 272 
2590. The examiner can normally be reached on MWF 7-4:30. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 
supervisor, Anthony Knight can be reached on 571 272 3687. The fax phone number 
for the organization where this application or proceeding is assigned is 571-273-8300. 
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Information regarding the status of an application may be obtained from the 
Patent Application Information Retrieval (PAIR) system. Status information for 
published applications may be obtained from either Private PAIR or Public PAIR. 
Status information for unpublished applications is available through Private PAIR only. 
For more information about the PAIR system, see http://pair-direct.uspto.gov. Should 
you have questions on access to the Private PAIR system, contact the Electronic 
Business Center (EBC) at 866-217-9197 (toll-free). /? 




Anthpny Knight 
Supervising Patent Examiner 
Tech Center 2100 
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Efficient Media Access Protocols 
for Wireless LANs with Smart Antennas 

Tianmin Ren, Iordanis Koutsopoulos and Leandros Tassiulas 
Department of Electrical & Computer Engineering 
and Institute for Systems Research 
University of Maryland, College Park, MD 20742, USA 
e-mail: {rtmjordan, leandros} @isr.umd.edu 



Abstract— The use of smart antennas Id extending coverage 
range and capacity of wireless networks dictates the employ- 
ment of novel media access control protocols, with whkh the 
base station ( BS) or access point (AP) provides access to users by 
learning their locations. We consider the class of protocols that 
employ bea informing and use contention-based or contention- 
free polling methods to locate users residing in or out of cover- 
age range of the AP. Such protocols allow rapid media access 
and can be embedded In existing MAC protocols. 



I. Introduction 

The increasing need for providing fast wireless access and 
high-speed wireless links to users has become the driving 
force for active research in the telecommunications area. The 
udvent of services such as home networking, video confer- 
encing, wireless internet access and multimedia transmission 
is only the first sign of the projected demand for rapid and re- 
liable access to information sources of any kind The require- 
ment for ubiquitous coverage in personal, local and wide area 
networks and the demand for mobility necessitate the deploy- 
ment of efficient protocols for wireless access in indoor and 
outdoor environments. In such systems, the final interface 
between ihc mobile user and the network is wireless through 
APs or base BSs that arc wired lo the backbone network. 

A major challenge in the design of wireless systems is 
quality of service (QoS) provisioning to users. Different no- 
tions of QoS arc available in different phases of the link es- 
tablishment procedure and in different communication lay- 
ers. When a link needs 10 be established between *ri AP 
and a user. QoS is expressed in terms of link setuj) time 
delay and can be ensured with efficient media access con- 
trol (MAC) protocols. After link establishment, QoS at the 
physical layer is given in terms of an acceptable signal-to- 
intcrfercncc and noise ratio (SINR) or bit error rate (BER) 
at the receiver of a user or in terms of minimum through- 
put guarantees at higher layers. QoS is then provided with 
appropriate resource allocation techniques. Space division 
multiple access (SDMA) with smart antennas ai the AP con- 
stitutes perhaps the most promising means for ensuring these 
notions of QoS and increasing system capacity [1]. SDMA 



enables iotra-cell channel reuse by several spatially, separable 
users by pointing a beam towards the direction of a-usex and 
nulling out other users. However, the employment of antenna 
arrays at the physical layer affects resource allocation meth- 
ods and MAC protocols of higher layers. With respect to the 
impact of SDMA on resource allocation, some heuristics for 
time slot assignment to users in a SDMA/TDMA system are 
proposed in [2] and [3]. 

In order to exploit the benefits of SDMA in' MAC proto- 
cols, tile BS needs to know the location of each user, which is 
captured by its spatial signature. In reception mode, the BS 
obtains information about spatial signatures of users by mak- . 
ing use of the preample of received packets. Each preample 
is used by the BS to train the array to compute beamforming 
weights that effectively steer the beam towards the intended . 
user. In [4], the authors describe a slotted ALOHA network 
with a single-beam adaptive array at the BS. By exploiting 
a pseudo-random sequence in die packet preample, the BS 
computes a beam and locks it onto the first received packet 
in a slot, while nulling subsequendy received packets. A sim- 
ilar system with multi-beam capabilities is presented in [5]. 
The BS again uses packet preamples to form a beam for each 
received packet from a different user, so that several users are 
captured. Up-Link access to a base station with an antenna ar- 
ray with the help of a modified carrier sense multiple access 
(CS MA) protocol is addressed in [6]. In transmission mode, v v* 
the BS can request information about the spatial signature * 7 
of a user by broadcasting a polling message intended for dial v 
user in the down-link [7]. Upon reception of the poll, the user % 
transmits a given sequence of symbols. The BS measures the 
received signal and uses it to compute the spatial signature 
and gradually steer a beam towards the direction of the user. 

The common characteristic of these approaches is that 
they are all designed for users that reside within the omni- 
directional transmission range of the AP or BS. When re- 
quired, the AP broadcasts polling requests to users and re; 
ceives response packets from users within broadcast range 
by having its antenna in omni-directional mode. It then uses 
packet preamples to steer beams to appropriate directions. In 
this setting, the basic feature of SDMA to extend coverage 
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range essentially remains unexploiied In this paper, we ad- 
dress the problem of extending the coverage range of an AP 
with smart antennas, by devising efficient media access pro- 
tocols. Such protocols are primarily meant for detecting the 
location of users that are out of broadcast range, but they can 
also be integrated with existing media access protocols that 
are designed for coping with users within broadcast range. 
We present protocols that use directed beamforming and em- 
ploy contention-free or contention-based polling methods to 
acquire location information of users. In devising the proto- 
cols, some essential characteristics of the IEEE 802.1 1 stan- 
dard for wireless local area networks [8] were adopted. How- 
ever, our treatment is general enough to encompass other 
wireless networks as well. 

The rest of the paper is organized as follows. In section D 
we provide the model and main assumptions and in section 
ID we present our protocols and analyze their performance. 
Numerical results are presented in section IV. Finally, section 
V concludes our study. 

n. System Model 

We consider the down-link of a single AP and focus on 
down-link access to N users. The AP is equipped with a 
uniform linear array of M antennas. The broadcast range of 
the AP is specified by a maximum transmission power level 
when die array operates in simple omni-directional mode. 
Users can reside in or out of broadcast range of the AP. Due 
to mobility, they can also move in or out of range at different 
time instants. A snapshot of the system is considered, where 
users remain either within or out of range. The AP has C 
available transceivers and each transceiver is perceived as a 
distinct communication unit that is capable of forming one 
beam. In this work, we consider the class of protocols with 
C — 1 , so that one beam can be formed at each time in- 
stant. A beam is described by an M x 1 beamforming vector 
w =? (mi , ... , wm ) T * where wi 's are complex numbers and 
w H w = 1, so that the beam has fixed power. Alternatively, a 
beam is specified by its beam width S and its angular position 
4>. We assume that a beamforming vector uniquely specifies 
the pair (5, 4>) and vice versa. The space can be covered by 
B beams of beam width S = 360/J5 degrees and each user 
is covered by at least one beam. Depending on parameter £, 
the patterns of two successive beams can partially overlap. 

The location of a user is captured by its spatial signa- 
ture. In lineof-sight (LOS) transmission, this is a vector 
that points towards the physical location of the user, while 
in multi-path environment it is formed as a superposition of 
components corresponding to different directions. We as- 
sume that the user association phase with the AP is com- 
pleted, so that the AP knows the number of users and their 
addresses but not their instantaneous locations. Packed zed 
data arrive from higher layer queues for transmission over 
the channel. If the AP uses beamforming and not broadcast- 
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Fig. 1. Beam width and angular position of a beam. 



ing to transmit data to users, it needs to know their spatial UT> li 
signatures. 

The AP can obtain reformation about the location of a user 
by using the following two methods. According to the first 
one, it first sends a polling message that contains the address 
of die intended user. Upon receiving ihe poll, the user re- Q-f/hf & m 
spends by sending a known sequence of bits in the up-link. 
The AP uses these bits to train die array so as to steer the 
beam towards the direction indicated by the spatial signature 
of the user. This polling/response, method is used to acquire 
the spatial signature of each user. We refer to this method as 
contention-free polling, since it does not involve any kind of 
user contention. Alternatively, the AP can acquire informa- 
tion about user locations by sending a beacon message that is 
not intended for a specific user. If the message is received by 
more than one users, their simultaneous responses will col- 
lide at the AP. The AP then initiates a contention resolution 
procedure to resolve users and obtain their spatial signatures. 
We refer to this method as contention-based polling. The 
AP can send polling messages with omni -directional or di- 
rectional transmission. After the spatial signature acquisition 
process is completed, data can be transmitted to users. 

111. Media Access Protocols with Smart 
Antennas 

A. Problem Statement 

When the AP needs to obtain information about the spatial 
signature of a user residing within its broadcast range, it can 
poll die user by using broadcast or directed transmission with 
contention-free or contention-based polling. Contention-free 
broadcast polling is the method that results in the smallest 
time delay in locating all users. 

However, when the user is out of broadcast range, it can- 
not be reached by a simple broadcast transmission. The AP 
needs to concentrate all transmission power into a narrower 
directed beam so that it reaches the user. An arising issue 
concerns the polling protocol that should be devised, such 
that the AP acquires the spatial signatures of users out of 
broadcast range in a fast and reliable manner. Towards this 
end, the AP can use beamforming to send polling messages 
with long range directed transmissions. The AP sequentially 
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steers the beam towards different directions, so that the en- 
tire space is covered. In this case we have maximum range 
polling through successive directed transmissions that scan 
the space. The objective of the protocol is to locate all users 
as fast as possible. 

The AP can select between contention-free and 
contention-based polling with directed transmissions in 
order to locate users out of broadcast range. In contention- 
free polling, the space is successively scanned by a beam 
until the user is located and the procedure is repeated 
for all users. In contention-based polling, the space is 
successively scanned by a beam in a different direction and 
the contention among users in a beam is resolved before 
proceeding to the next beam. The absence of contention in 
contention-free polling is the advantage of this method over 
contention -based polling. However, the time consumed in 
scanning the space to locate each user separately may be 
larger than the corresponding time with contention-based 
polling. A significant issue mat arises in contention-based 
polling is that of the width of the beam that scans the space. 
If a large beam width is used, fewer beams are needed 
10 scan the space and the required time to scan the space 
with successive directed transmissions is smaller. However, 
wiih a large beam width, die number of users mat receive 
the message is larger on average and hence the contention 
resolution for users in a beam lasts longer. From that point 
of view, a large beam width does not contribute to reduction 
of time delay to locate all users. A similar tradeoff holds for 
small beam widths as well. 

Wc address the problem of extending the coverage range 
of the AP by providing media access to users that are located 
out of i is broadcast range. We describe contention-based and 
contention-free protocols and analyze their performance with 
respect to several involved parameters. 

B. Com etu ion- based polling with directed transmissions 

When contention-based polling is employed, the AP forms 
successive directed beams and scans all the space. The AP 
attempts to locate all users within a beam before proceeding 
to the ncxi beam. For now assume that, the AP employs di- 
rected transmission for all users, regardless if they are in or 
oui of broadcast range. 

Time is divided in slotted intervals that are referred to as 
contention resolution intervals (CRI). Each CRI consists of L 
contention slots. At the beginning of a CRI, the AP sends a 
polling message by using directed transmission. The polling 
message does not contain the address of any user. Each 
user that is illuminated by that beam receives the message 
and responds by sending back a polling acknowledgement 
(P.ACK) message that contains a preample and the user ad- 
dress. If only one user sends a P-ACK, the message is re- 
ceived correctly by the AP and the spatial signature of the 
user is obtained with the help of the preample. In that case, 
the AP informs the user that his spatial signature is known, 



by sending him an ACK message with his address./ However, 
if there are multiple users in the beam, their P-ACK mes- 
sages collide at the AP. The AP then does not issue an ACK 
to users in the beam and users are informed about the colli- 
sion and the upcoming contention. A ample method is used 
for resolving the collisions: each user with a collided PACK 
retransmits with probability p in each of the subsequent L 
slots in the CRI. If one user happens to transmit alone in one 
slot, the message of this user is resolved. Then, the AP in- 
forms die user that his P-ACK is obtained (and hence his 
spatial signature is known) by sending an ACK message to 
the user, so mat he defers from transmission in the next slots. 
If no user sends a P-ACK in a slot following the polling mes- 
sage, the AP assumes that no user is located in the beam or 
that all users have been resolved in previous slots. It then 
proceeds by forming the next beam. If the CRI expires and 
the AP does not have any indication that all users have been 
resolved, it initiates the next CRI by sending a polling mes- 
sage again. The procedure is repeated for the remaining un- 
resolved users, until the AP has an indication mat all users in 
the beam are resolved. 

Our assumption for using a fixed retransmission probabil- 
ity p in each slot is justified as follows. Assume that there 
exist n unresolved users in a beam. The probability mat one 
user transmits in a slot and therefore succeeds in transmission 
is p 9 (n) = np(l -p) n ~ l . This probability is maximized 
for p* = 1/n, which depends on the number of unresolved 
users. Ideally, the AP could instruct users to retransmit with 
probability p*, so as to improve die chances of a successful 
transmission. The problem is that the AP is not aware of the 
number of users in a beam and therefore it does not know 
the number of unresolved users at each step of the procedure. 
Thus, we resort to a fixed value p. 

Let us now compute the expected time d(n) to obtain the W 
spatial signature of n users in a beam. LetX p , Xp^ andX a 
denote the time length of poll, P-ACK and ACK messages 
respectively. Define Pi, n ,L as the probability that * out of n 
users have already been resolved successfully in L contention 
resolution slots. Then, pi ?n ,i = p 9 (n) and p» tn ,L = 0 if 
i > n or i > L. For all other cases, Pi, n ,L can be computed 
with the recursive equation, 

Pi,n,L =P«(n)pi-i,n-i.r,-i + (1 -P«(n))Pv»,t-i. (1) 

For the time delay d(n), we have d{0) = X p and d(l) = 
X p + Xp.* + X 0 , while for n > 2 it is 

d(n) = £>*.n ( x, [Xr+X^+LX^+kXa+din - k)) . 

(2) 

In the beginning of a CRI, a polling message is sent and the 
polling response from users (collided or not) is received. If k 
out of n users are resolved in L contention slots, this means 
that the AP has received P-ACKs from users that retransmit 
in the intervals following each one of the L contention slots 
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and it has sent k ACKs to resolved users. The term d(n - k) 
accounts for toe fact that n-k users still need to be resolved. 

We now compute the expected time D(N, B) to resolve all 
N users and obtain their spatial signatures when the space is 
covered by B successive directed transmissions. Let qi,s,B 
be the probability that i out of N users reside in a beam. 
Assuming that users can reside in each of the B beams with 
probability #,#,3 is given by 

— (X)'Hr » 

and the delay D( N, B) can be computed recursively as, 

N 

l)(N\ B) = £ gi , N , B WO + D{N-i % B- 1)J . (4) 
%=o 

where the first term in the brackets denotes the delay to re- 
solve i users in a beam and the second term indicates mat 
N - i users need to be resolved in the remaining B—l beams. 

C. Contention-free polling with directed transmissions 

When contention-free polling is used, the AP again forms 
successive directed beams to poll users. However, polling 
messages now include the address of a user and are intended 
for that user. The AP attempts to locate one user by sequen- 
tial ly scanning the space with successive directed transmis- 
sions. The AP starts by sending a polling message for a user 
in a beam. If the user does not reside in the beam, the AP 
docs not receive any reply and proceeds with the formation 
of the ncxi hcam to locate the user. If the user is found to 
reside in a beam, it responds by sending a P-ACK message. 
Upon receiving P.ACK, the AP finds its spatial signature and 
sends an ACK message to the user 10 inform him that his lo- 
cation is found. It then starts scanning the space for another 
user. The order in which users are sought is arbitrary. 

The advantage of this scheme is the absence of contention 
among users in a beam, since only one user responds to 
the polling message. However the time delay to locate all 
N users is highly dependent on the distribution of users in 
the area around the AP. Clearly, the minimum dme delay is 
achieved when all users reside in the first beam that is formed 
while scanning the space, while the maximum time delay oc- 
curs if all users reside in die beam that is formed last The 
expected delay //( N y B) 10 obtain the spatial signatures of 
N users when covering the space with B beams is, 

W. H) N (^~1-Xp + *P-a + . (5) 

Indeed, for each user die AP issues (B + l)/2 polls on av- 
erage, receives one polling response when the user is located 
and sends one ACK to the user. 



IV. Numerical Results 
A. Simulation Setup 

We consider a scenario where N users are uniformly dis- 
tributed in an area around an AP, so that they can reside either 
in or out of the AP broadcast range. The AP needs the spatial 
signature of all users and can poll users with omm-directional 
or directional transmission. At each time one beam can be 
formed towards a certain direction and the area around the 
AP is covered by B beams. For users within broadcast range, 
the AP may select to poll users by broadcasting or directional 
beamforming and can use contention-based or contention- 
free transmission. For users out of broadcast range, the AP 
can use only beamforming to poll users. The time lengths of 
the polling, P.ACK and ACK messages were chosen to sat- 
isfy the ratios X p : X pja : X a «= 1 : 2 : 1. This selection 
is justified by the fact mat all messages have an address field 
and the P_ACK message also has a preample for spatial sig- 
nature acquisition. CRIs consist of L slots. The intervals be- 
tween transmission of polling messages, reception of polling 
responses and transmission of ACKs were not considered in 
the analysis. 

ft Comparative Results 

The performance measure is time delay until spatial signa- 
tures of users are acquired We evaluate the performance of 
four schemes: 

• Broadcasting/Beamforming (Broad/Beam) scheme. 
The AP uses contention-free broadcast polling for 
users in broadcast range and uses polling with beam- 
forming for users out of range. The latter can be 
contention-based or contention -free. 

• Beamforming/Beamforming (Beam/Beam) scheme. 
The AP uses polling with beamforming for all 
users, regardless if they reside in or out of broadcast 
range. The polling can again be contention-based or 
contention-free. 

In figures 2 and 3, we illustrate the performance of the 
aforementioned schemes for N = 20 users for B = 5 
and B = 15 beams. The time delay is plotted as a func- 
tion of the number of users N^t that reside out of broad- 
cast range. A first observation is that the performance of the 
Beam/Beam contention-based and contention-free schemes 
is independent of N^t, since these schemes treat users re- 
siding in and out of range the same. The time delay for 
contention-free schemes increases linearly with the number 
of users, as can be seen from (5). For B = 5, the Broad/Beam 
and Beam/Beam contention-free schemes perform better 
than corresponding contention-based ones. This is because 
the small value of B results in fast enough contention-free 
polling and because beams are wide enough, so that time la- 
tency due to user contention is large. When N^t < 14, 
Broad/Beam contention-free scheme yields the best perfor- 
mance. Beam/Beam contention-free scheme is more prefer- 
able when Noxit > 15, because in the Broad/Beam scheme 



1289 



t 



time is wasted in issuing broadcast polling messages that are 
not received by users residing out of range. When B = 15, 
the behavior is reversed, namely contention-based schemes 
incur smaller delay than contention-free ones. The large 
value of B makes contention-free polling time-consuming, 
while at the same time user contention within each beam be- 
comes low, since beams are narrow. Broad/Beam contention- 
based polling yields the smallest delay when Nout < 17, 
while Beam/Beam with contention achieves the best per- 
formance in all other cases. From other conducted experi- 
ments for B > 10, it seems that Broad/Beam with contention 
should be selected when users out of range represent less than 
75 - 80% of the total number of users. Similar conclusions 
can be drawn from figure 4, where the ratio of number of 
users out of and within range, No»t/Ni n was fixed to 1/2. 

V. Discussion 

We addressed tb? problem of extending the coverage range 
of the AP by providing media access to users out of broadcast 
range with beamforming. Our primary goal was to design 
protocols that can be easily integrated with existing polling 
protocols that use omni -directional transmission. We con- 
sidered the class of media access protocols with contention- 
based and contention -free polling and evaluated their per- 
formance in terms of required time so that the AP becomes 
aware of user locations and grants access to the system. 

There exist several directions for future study. An in- 
teresting situation arises if the AP is equipped with several 
transceivers. Then, multiple beams can be formed to scan 
the space simultaneo jsly towards different directions, so mat 
the time required to locate users is reduced A synergy be- 
tween beams could further improve protocol performance. 
Furthermore, the possibility of adapting beam width in differ- 
ent stages of the algorithm, depending on the outcome of the 
contention resolution process is another issue that deserves 
further investigation. 
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Fig. 2. Time delay as a function of number of users out of broadcast range 
f or N - 20 users when 5 = 5 beams scan the space. 




Fig. 3. Time delay as a function of number of users out of 
for N - 20 users when B = 15 beams scan the space. 
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Fig. 4. Tune delay as a function of number of users, when 
Nout /Win = 1/2 and B = 10 beams scan the space. 
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